Arsenic, a known human carcinogen, occurs naturally in groundwater in New Jersey and many other states and countries. A number of municipalities in the Piedmont, Highlands, and Valley and Ridge Physiographic Provinces of New Jersey have a high proportion of wells that exceed the New Jersey maximum contaminant level (MCL) of 5 mg/L. Hopewell Township, located in Mercer County and the Piedmont Province, has a progressive local ordinance which requires the installation of dual-tank, point-of-entry treatment systems on affected wells. This provided a unique study opportunity. Of the 55 homes with dual-tank POE treatment systems recruited into this study, 51 homes (93%) had arsenic levels under the MCL at the kitchen sink, regardless of years in service and/or maintenance schedule adherence. Based on the study participants' water consumption and arsenic concentrations, we estimate that Hopewell's arsenic water treatment ordinance, requiring POE dual-tank arsenic treatment, reduced the incidence of excess lifetime (70-year) bladder and lung cancers from 121 (1.7 cancer cases/year) to 16 (0.2 cancer cases/year) preventing 105 lifetime cancer cases (1.5 cases/year). Because the high risk of cancer from arsenic can be mitigated with effective arsenic water treatment systems, this ordinance should be considered a model for other municipalities.
Introduction
Arsenic is a naturally occurring element that is found in rocks and minerals and can enter air, water, and soil. Arsenic exists naturally in all parts of New Jersey at varying levels. In some areas such as the Piedmont, Highlands, and Valley and Ridge Physiographic Provinces, the chemical and physical properties of the underlying geology allow arsenic to become mobile and enter groundwater. Arsenic mobilization can occur through the oxidation of pyrite and desorption from hematite and clays (Serfes et al. 2005) . Exposure to arsenic occurs primarily through ingestion and inhalation of contaminated soil, food, water, and air (Caceres et al. 2005 , Ahsan et al. 2006 . Chronic exposure to arsenic has been shown to increase bladder, lung, liver, kidney, and skin cancers (Viraraghavan et al. 1999 , Hopenhayn 2006 , Cantor and Lubin 2007 , Baastrup et al. 2008 , Celik et al. 2008 , Han et al. 2009 , Melak et al. 2014 .
Arsenic treatment systems can be divided into two main types, point-of-entry (POE) and point-of-use (POU). POE systems treat raw water where it enters the home thus ensuring that all faucets in the home are receiving treated water. POU treatment systems are a smaller-scale version and are usually located under the kitchen sink. POU treatment systems typically treat only one tap and the remaining taps in the home have untreated water. POE treatment systems are considered to be the most protective intervention as treated water is used for drinking, showering, bathing, and brushing teeth (Spayd et al. 2015) .
Arsenic removal technologies include both physical and chemical processes such as adsorption, ion exchange, and membrane filtration. Adsorptive processes are the preferred method of treatment in New Jersey and mainly include iron, titanium, and iron-impregnated resin adsorbents. Adsorptive processes have been shown to be highly effective at reducing arsenic to below the MCL (Petrusevski and Sharma 2007) . In well-water treatment, there are two common forms of arsenic to be removed, Arsenic (III) and Arsenic (V). As (III) is much more difficult to treat than As (V) due to its neutral charge. Anion exchange and reverse osmosis systems are not effective at removing Arsenic (III), while some treatment processes such as granular ferric adsorptive media remove both Arsenic (III) and Arsenic (V) (Spayd 2009 , Spayd et al. 2012 , Gilbert-Diamond et al. 2013 .
In 2002, The United States Environmental Protection Agency (U.S. EPA) established a drinking water standard of 10 mg/L for arsenic in drinking water and a maximum contaminant level goal (MCLG) of zero, effective in 2006. New Jersey has the most protective arsenic standard in the United States with a MCL of 5 mg/L, since 2006 (NJDEP 2010).
Our study area of Hopewell Township is located in Mercer County, New Jersey within the Piedmont Province. According to the 2010 US Census, Hopewell Township has a population of 17,304 (US-Census-Bureau 2010). As stated in Hopewell Township Ordinance No. 16-17.3, each home is required to have a water system in compliance with the NJ Safe Drinking Water Act and the Private Well Testing Act. If the home's well water is not in compliance with the arsenic drinking water standard, a whole-house POE treatment system is required. Hopewell further requires a dual-tank granular ferric adsorptive media with sampling ports for raw water, between the arsenic treatment tanks, and treated water. The two arsenic tanks must be installed in series, such that the water flows through each tank individually, not at the same time. The first and second tanks are referred to as the worker tank and safety tank, respectively (Spayd 2007) . The "between tanks" sampling tap is located between the worker and safety tanks. The ordinance also requires maintenance testing every six months, but there is no mechanism in place to enforce this provision (Hopewell Township 2008) .
In New Jersey, the Private Well Testing Act (PWTA) requires private well owners to test well water for arsenic and other contaminants during real estate transactions and when renting a property that is supplied by a private well. The PWTA does not give the State of New Jersey the regulatory authority to require treatment of private well water. However, individual administrative authorities in New Jersey have the ability to enforce local treatment regulations on private wells. A survey of northern and central New Jersey local and county health departments with reported private well arsenic exceedances in their area was conducted to determine what local regulations were in place for MCL exceedances. Three of the surveyed local health departments require some type of water treatment for PWTA exceedances. One common example is: a local health department can enforce an ordinance passed by their local board of health (their administrative authority) by issuing a certificate of occupancy only when the MCLs of the PWTA contaminants are met in the home's water. Hopewell Township's arsenic treatment ordinance (Ordinance 16-17: Testing and Reporting Requirements for Wells and Septic Systems Prior to Transferring Property), which was passed in 2006 is the most protective in the state, requiring a dual-tank POE treatment system if arsenic is found to be above 5 mg/L in private wells (Hopewell Township 2006) .
Methods and materials
A 2014 review of Hopewell Township Health Department records identified 200 homes with arsenic water treatment systems. These Hopewell Township residents were contacted via mail with a postcard invitation to participate in this study. A follow-up phone call or email was sent if the contact information was available. Compensation for participation was free water testing funded by the New Jersey Geological and Water Survey (NJGWS), a division of the NJ Department of Environmental Protection (NJDEP). The water test was valued at $200. In addition, homeowners were given an explanation of their water test results with recommendations. A visit to each participant's home was scheduled at their convenience. If the home met the eligibility requirements (i.e., they had a POE dual-tank arsenic treatment system) they were included in the study.
At each home, the water was tested under stressed conditions. The homeowners were asked to turn on two cold water taps for at least ten min. It was important to stress the system before sampling because the treatment media requires contact time with the arsenic for effective removal. The system must be stressed to simulate real-life conditions where multiple taps may be running at the same time. Stressing the system allows testing with a realistic contact time. If the homeowner was present during sampling, the importance of stressing the system during water testing was explained to them. It is important to note that for all water sampling, the water should continue to run until the samples are taken. Water samples were collected from 1) the untreated raw water tap, 2) the tap between the two arsenic treatment tanks and 3) the kitchen sink tap in 120-ml bottles. A fourth sample was collected if there was also a reverse osmosis water treatment system installed. Water samples were preserved with nitric acid upon delivery at a commercial lab (New Jersey Analytical Laboratories). U.S. EPA method 200.8 was used for arsenic analysis with a detection limit of 0.1 mg/L.
At each home, a survey was given which included questions to determine water consumption habits. The survey was given in-person and read aloud by the interviewer as the homeowner followed along on a paper copy. The survey data were used to determine arsenic exposure via water ingestion by asking homeowners to estimate their drinking water consumption per day for home tap water and beverages made with tap water. A 20 oz. glass was shown to homeowners to minimize recall bias and aid in accurate estimation of water consumption.
The survey also collected data on length of time the homeowner had lived in the home and the anticipated number of future years in the home. The volume of water consumed, arsenic concentrations, and length of exposure were used to calculate past and future arsenic exposure prevented by arsenic treatment systems using Equation 1.
To calculate the arsenic exposure prevented by arsenic treatment systems, the raw arsenic concentration was multiplied by the volume of water consumed per year. The arsenic exposure was also calculated for water at the kitchen sink. Subtracting the kitchen sink arsenic from the raw water arsenic gave the exposure prevented yearly by the arsenic treatment system. Equation 1 was used to calculate future exposure prevented by the arsenic treatment system, assuming the system was effective and arsenic at the kitchen sink would be nondetect or 0.05 mg/L.
The lifetime excess bladder and lung cancer risk due to arsenic exposure was estimated using lifetime average daily exposure (LADE) and the Integrated Risk Information System (IRIS) proposed arsenic cancer slope factor (CSF). The current U.S. EPA IRIS cancer slope factor of 1.5 mg/kg/d is based on the risk of skin cancer for a population drinking high levels of arsenic in Taiwan (Lee and Ramasamy 2015). Some researchers have used cancer slope factors such as 3.5 mg/kg/d based on data from other arsenic-caused cancers (Tsuji et al. 2007 ). In 2010, the U.S. EPA IRIS calculated a new cancer slope factor, 25.7 mg/kg/d, based on lung and bladder cancer for women. This increase was recommended to account for the most common arsenic-caused cancers in women, who appear to be the more sensitive group (EPA 2010). This slope factor, which is currently in external review, has been used in subsequent peerreviewed research and is used in the risk calculations in this study (Nachman et al. 2013) . Risk was determined by multiplying the cancer slope factor and LADE and is shown in Equation 2.
Results
Participants were recruited through post cards, social media networks, neighbors, and previous studies. Of the 200 post cards that were mailed to Hopewell Township, NJ residents with existing arsenic water treatment systems, 54 homeowners responded (a 27% response rate) and 47 were recruited into the study. Additionally, 72 Hopewell Township residents that heard about the study through neighborhood social media sites were enrolled if they met the study eligibility criteria. A total of 16 additional homes were enrolled through these concerned neighbor contacts. The remaining 56 homeowners who did not meet the selection criteria were given detailed instructions on how to test their water. Two additional homeowners who met the eligibility criteria were identified from other NJ Geological and Water Survey (NJGWS) arsenic studies in Hopewell Township and participated in this study.
A final total of 65 homes were enrolled in the study. The average tax-assessed home value in Hopewell Township, NJ in 2016 was $466,300 and was higher in these 65 homes at $586,888. Additionally, the study population was well-educated with 100% of participants having at least a two-year college degree. A majority (57%) of the study population had a graduate level degree and 40% had a bachelor's degree.
Of the 65 homes recruited into the study, 55 (84.6%) had a dual-tank POE arsenic treatment system. Table 1 shows the average, minimum, and maximum arsenic concentration at each sample location in homes with a dual-tank arsenic POE treatment system. The average arsenic concentrations of the raw water, water between the two arsenic treatment tanks, and water at the kitchen sink were 11.3 mg/L, 3.7 mg/L, and 1.1 mg/L respectively. The highest concentrations measured were 41.6 mg/L in raw water, 38.5 mg/L between the arsenic tanks, and 12.8 mg/L at the kitchen sink. A total of 80% of homes exceeded the MCL in raw water. After one arsenic treatment tank, 25% of homes exceeded the MCL. The exceedance was reduced to 7% after the second arsenic tank. None of the homes exceeded the MCL if a reverse osmosis back-up system was installed in addition to their dual-tank arsenic treatment system. Table 2 shows arsenic exposure parameters for all 55 houses. The average volume of home well water consumed per day was 0.9 L and the average volume of beverages made with home tap water was 0.7 L. Consumption of home tap water varied greatly between 0 and 7.1 L per day. The exposure data is summarized in Table 3 .
A key finding from the survey was that 58.3% of homeowners reported that their arsenic system was installed by the previous homeowner. A complete system with all required parts was installed 39.5% of the time for previous homeowners and 47.6% of the time for current homeowners.
As described in the methods section, past exposure prevented was calculated using Equation 1. An example calculation using the data from a single participant is given here. The raw water concentration at this home was 21.6 mg/L and kitchen sink arsenic concentration was nondetect. For these calculations, 0.05 mg/L, half the detection limit, was used if the result was nondetect. The example homeowner drank 36 oz. water and 16 oz. coffee made with tap water daily or 1.5 L in total. The homeowner lived in the home for eight years and had a POE arsenic treatment system installed before moving in. Equation 1 was used to calculate 94.7 mg of the past arsenic exposure prevented by the treatment system. Past arsenic exposure prevention for the entire study population is shown in Tables 2 and 3.
Equation 1 was also used to estimate future arsenic exposure. An example calculation using the data from the same single participant is given here. This participant intended to live in his home for 7.5 more years, and assuming his water consumption does not change, the effective arsenic treatment system will prevent him from being exposed to an additional 88.8 mg of arsenic. Estimated future arsenic exposure prevented for the entire study population is shown in Tables 2 and 3.
Equation 2 was used to estimate LADE and cancer risk. The average cancer risk from drinking raw water is 7 per 1,000 or 1 in 143. Table 4 shows the exposure parameters and Table 5 shows risk calculations for all sampling locations using average water consumption and concentrations.
The arsenic cancer risk from drinking water without a treatment system was estimated to be 1 in 143. The cancer risk is reduced to 1 in 435 with the addition of one arsenic tank and reduces again to 1 in 1,111 with two arsenic tanks. Based on the technology and analytical testing currently available, a risk of 1 in 33,333 is achievable if the water treatment system is installed per the ordinance and nondetectable concentrations are achieved at the kitchen tap. When applying these risks to the Hopewell Township population of 17,304, 121.3 excess lifetime bladder and lung cancer cases would be caused by drinking untreated (raw) water, 39.7 from having only one arsenic tank, 15.8 from two arsenic tanks, and less than 1 from having a functioning POE treatment system with nondetectable arsenic levels at the kitchen sink. Hopewell Township's ordinance requiring two arsenic tanks has the potential to prevent 105-121 excess cancer cases in 70 years.
Discussion
Even with the Hopewell ordinance and a post-installation inspection, only 27 of the 65 homes (41.5%) had a complete system without any missing components, and only 55 (84.6%) had the dual-tank POE treatment system. The most commonly missing treatment system components were sediment filters and water meters, which were present in 69.2% of the homes. Some homes were missing a sampling tap between the arsenic tanks. This prevents the homeowner from testing at this location and knowing when the first arsenic treatment tank is no longer efficiently removing arsenic. When the arsenic concentration is 5 mg/L between the tanks, breakthrough is occurring, and system maintenance is required to change the tanks.
It is unclear what specifically caused these systems to have missing components. Based on anecdotal evidence from homeowners, it is likely due to a combination of problems. One potential problem may be that the previous homeowner was tasked with installing a system during their home sale and both treatment system installers and homeowners were unaware of the existence or purpose of current regulations. Often, the buyer of the home did not have input into the type of system installed. To remedy this, real estate lawyers should stress the importance of the buyer choosing an appropriate arsenic treatment system and making sure all required components are installed. Arsenic water treatment system installers should have a treatment system guidance that includes a checklist of required components. As a final check, inspectors should carefully verify that the arsenic treatment system meets the ordinance requirements. Even though there are problems with many of the systems meeting the strict ordinance requirements, there is still a significant reduction in arsenic concentrations due to the regulation and presence of the systems. In the 55 homes with dual-tank POE treatment systems, 80% exceeded the MCL in the raw water. It is likely that the remaining 20% of homes exceeded the standard in a previous water test as arsenic test results can commonly vary § 20%. The raw water concentrations ranged from 2.6 to 41.6 mg/L with an average concentration of 11.3 mg/L. The proportion of homes exceeding the standard after the first arsenic treatment tank dropped significantly to 24.5%; this is shown in Figure 1 . Hopewell's unique ordinance that requires a second tank in series (called the "safety tank") reduced the proportion of homes exceeding the standard at the kitchen sink down to 7.3%. The average concentration at the kitchen sink was 1.1 mg/L and ranged from nondetectable (<0.1 mg/L) to 12.8 mg/L. Of the 55 homes with dual-tank POE treatment systems, 51 homes (93%), regardless of years in service and/or maintenance schedule adherence, had arsenic levels under the MCL at the kitchen sink. This is a great reduction in arsenic exceedances as another New Jersey study of water treatment showed only 82% of homes with arsenic treatment were below the MCL at the kitchen sink for arsenic (Flanagan et al. 2016 ). Because of the success in reducing exposure in Hopewell Township, adopting a similar ordinance in towns with arsenic contamination would further promote and protect public health.
Based on arsenic concentrations and average water consumption, the arsenic exposure and risk reduction for homes with treatment systems were calculated. The average homeowner consumed 624.9 L/year (1.7 L/day) of water and beverages made with home tap water. This study specifically asked for home tap water consumed by the homeowner. Bottled water and water consumed from the workplace were not included in the exposure assessment. The average individual's exposure to arsenic prevented by dual-tank POE treatment systems was 23,481.6 mg or 23.5 mg at the time of our sampling. Based on the length of time the homeowners intend to live in their current home, and assuming that all homeowners maintain their systems, an estimated 78.7 mg of future arsenic exposure will be prevented on average. It is important to note that these calculations are for only one person in the home. The actual protection from these arsenic systems is even greater as homes had an average of 3.8 residents and ranged between one and six residents.
The cancer risk for raw, treated (i.e., between the two arsenic tanks), and kitchen sink water consumption are all relatively high when compared to the public health acceptable risk of 1 in 1,000,000 (0.01 in 10,000). To achieve the one-in-a-million risk, the arsenic concentration would need to be reduced to 1.6 parts per trillion. Hopewell Township's ordinance requiring two arsenic tanks has the potential to prevent 105-121 excess cancer cases in 70 years. Because the risk of cancer from arsenic is relatively high and reduction is achievable, in the interest of public health, this type of ordinance should be seriously considered by more towns in New Jersey, other states, and countries interested in reducing their cancer rate. 
Strengths and limitations
This study has a number of limitations. A participation bias may exist as the study participants who were recruited through the postcard and through word of mouth may, in some way, be different from those who did not respond to the recruitment postcard and emails. Some of the homeowners interviewed were not the water treatment decision-makers in the family. Additionally, the study population had higher home values and a higher level of education than Hopewell Township overall and that of many other towns in the State of New Jersey. This may limit the generalizability to other populations. This study relied on the recall of participants to determine their intake of home tap water and therefore their potential daily exposure to arsenic. Though an effort was made to reduce the under or over estimation of water consumption by showing the interviewee a 20 oz. glass when answering the ingestion question, some recall bias may still remain.
There are a number of strengths that made this a unique study opportunity. Hopewell Township is the only town in the New Jersey with an ordinance that requires a dual-tank POE arsenic treatment system for homes that exceeded the New Jersey arsenic MCL on a PWTA water test. Because this requirement has been in place for 13 years (since 2003), sufficient time had elapsed to evaluate the status of the treatment systems a few years after installation. Because of this ordinance, a generous sample size of 55, all within the same town was possible.
Conclusion
This study aimed to evaluate the effectiveness of the Hopewell Township arsenic treatment system ordinance. Of the 55 homes with dual-tank arsenic treatment systems, only four homes exceeded the MCL at the kitchen sink. In other words, 92.7% of homes with treatment systems, regardless of years of service and/or maintenance schedule adherence had acceptable arsenic levels under the current New Jersey standard. This speaks to the efficacy of the Hopewell Township ordinance in promoting public health and reducing the risk of contaminated drinking water.
This study also estimated the cancer risk reduction provided by dual-tank POE arsenic water treatment systems. Hopewell Township's ordinance is estimated to prevent 105 (close to 1% of the township population) excess bladder and lung cancers due to the arsenic exposure reduction of whole-house, dual-tank arsenic treatment systems within 70 years. Based on the average water consumption and arsenic concentrations at the kitchen sink, the lifetime risk of bladder and lung cancer from exposure to arsenic was estimated to be in 10,000. It is reasonable to set a goal of 0.3 in 10,000 by achieving nondetect levels of arsenic at every home's kitchen sink. This goal can be achieved through appropriately disseminating this information to homeowners and treatment system installers. Because the risk of cancer from arsenic is so high without treatment and risk reduction is achievable, in the interest of public health, this type of ordinance should be seriously considered by more towns in New Jersey and elsewhere. In addition, an effort should be made to increase the number of homeowners who test yearly and maintain their treatment systems.
Equation 1 
